Stray electrons can be introduced in positive-charge accelerators for heavy ion fusion (or other applications) as a result of ionization of ambient gas or gas released from walls due to haloion impact, or as a result of secondary-electron emission. We are developing a capability for self-consistent simulation of ion beams with the electron clouds they produce. We report on an ingredient in this capability, the effect of specified electron cloud distributions on the dynamics of a coasting ion beam. We consider here electron distributions with axially varying density, centroid location, or radial shape, and examine both random and sinusoidally varying perturbations. We find that amplitude variations are most effective in spoiling ion beam quality, though for sinusoidal variations which match the natural ion beam centroid oscillation or breathing mode frequencies, the centroid and shape perturbations can also be effective. We identify a possible instability associated with resonance with the beam-envelope "breathing" mode. One conclusion from this study is that heavy-ion beams are surprisingly robust to electron clouds, compared to a priori expectations. * rcohen@llnl.gov
I. INTRODUCTION
Stray electrons are becoming increasingly recognized as a significant issue for heavy-ion fusion (HIF) accelerators. Indeed, such "electron clouds" have long been recognized as a serious issue for some other accelerator applications, such as high-energy physics [? ] . The common thread in these contexts is that the electron cloud is an uncontrolled source of negative charge that can lead to alteration of the ion beam dynamics, possibly leading to beam deflection, increased beam emittance, envelope size, and halo, and also potentially driving electron-ion instabilities. For an application such as heavy-ion fusion where there is an economic imperative to have the ion beam fill as much of the cross section of the beam line as possible, electron cloud effects can be a significant factor in limiting this beam pipe fill factor.
The Heavy-Ion Fusion Virtual National Laboratory (HIF-VNL) is developing a capability for self-consistent simulation of electron clouds and their effect on ion beams. [? ] This activity entails adding, to the WARP simulation code [? ] , models describing emission of secondary electrons, neutral gas, and scattered ions when beam ions strike the wall, as well as models for the subsequent transport and ionization of neutrals and an efficient ion-timescale description of electron dynamics.
A key question is, how much electron density is required to produce a substantial perturbation in ion beam quality? The completed code capability described above will enable a quantitative assessment; as an interim indicator, we have undertaken a series of WARP ion simulations with prescribed (i.e., non-self-consistent) electron clouds. Besides providing an indication of the tolerable level of electron contamination, these simulations also shed light on the types of electron perturbations that would be of greatest concern. A preliminary version of this work was reported in ref.
[? ]; we present here revised and more extensive results.
II. PROBLEM SETUP
These studies consist of a series of WARP slice simulations (an x−y slice of ions is followed in the axial coordinate z) in which we have added a specified, frozen-in-time, negative charge distribution which represents the electron cloud. This non-dynamical model of the electrons is useful not only for providing estimates of tolerable electron levels, but also for illuminating important electron-ion interaction mechanisms, as will be seen.
For heavy-ion induction accelerators, in contrast to accelerators for high-energy physics, the dominant source of electrons is likely to be ionization of neutral gas released at walls, as opposed to secondary electrons. There are several reasons for this: (1) The relatively long pulse length gives time for neutrals to penetrate into the ion beam and for significant ionization of the neutrals; (2) The electrons resulting from ionization of gas are born trapped in the beam's electrostatic potential well (in contrast to secondary electrons born at the wall), and so are confined for a long time; and (3) In the absence of special wall-scrubbing techniques (difficult to apply for induction accelerators), experiments have shown that the neutral-particle emission per incident ion is much higher than the secondary-electron emission (∼ 10 3 − 10 5 versus ∼ 10 − 100) [? ? ], more than enough of a ratio to overcome the relatively low (10 −2 − 10 −1 ) probability of ionization of the neutrals during the beam pulse.
This observation has a substantial impact on the type of model to use in our studies.
Because induction accelerators have a beam pipe that runs through the quadrupole magnets but is absent in the gaps, and because the elliptical distortion of the ion beam is maximum in the quadrupoles, beam-ion loss occurs almost exclusively well within quadrupole magnets.
Electrons born in such a circumstance are strongly magnetized (gyroradius ρ e much smaller than the transverse beam dimensions) and so tend to follow magnetic field lines, with small electric and magnetic drifts across the field. Since the tips of the elliptical beam are in regions of field lines that are nearly tangent to the beam pipe and never penetrate far into the plasma interior (see Fig 1) , electrons emitted as a result of impact of primary beam ions on the wall are in general trapped close to the wall, and remain there until they drift out of the quadrupole magnet. There will be a relatively small population of electrons which reach the beam interior, as a result of some ions scattering from the beam pipe hitting the beam pipe again on field lines which penetrate the beam interior, and as a result of electrons drifting out of a quadrupole magnet and ceasing to be tied to field lines (the drift time being of order the pulse duration). But even those two groups of electrons will tend to produce the highest densities near the beam pipe, as their velocities are smallest there. Hence clouds produced by secondary-electron production will tend to be hollow.
In contrast, if the pulse duration is long enough that neutrals released from the walls penetrate deep into the beam interior, then electrons born from ionization of these neutrals will have a density distribution that is sizeable where the ion beam density is large. Also, electrons born from ionization of ambient gas will fall within the beam cross section. For constant neutral density, the electron source function would just be proportional to the ion density; the actual electron density would not be, because of the subsequent electron bounce motion in the combined magnetic and potential wells. But certainly the electron density would be concentrated within the beam envelope.
For any of the mentioned electron sources, the electron density will be large within quadrupoles compared to that between quadrupoles, due to magnetic confinement: the beam-wise drift motion of electrons within a quadrupole is slow compared to the beam-wise thermal motion of electrons between quadrupoles.
In light of the above considerations our base model electron distribution is chosen to be a constant charge density transverse to the beam direction out to the (elliptical) beam envelope boundary, and axially constant within the nominal axial extent of a quadrupole magnet, but zero outside of these limits. The base case also has the constant charge density the same in each quadrupole. The beam envelope is calculated in the absence of any electron cloud. We run ion beam simulations with this base model, and with a number of perturbations added to this distribution. These are: (i) electron density varying from quadrupole to quadrupole (but constant within a quadrupole); (ii) centroid of the electron cloud displaced by an amount which is constant within a quadrupole but varies from quadrupole to quadrupole; (iii) addition of a radially parabolically varying (zero-volume-integrated) den-
where a and b are the envelope semi-axes (versus z), and the constant, which can be positive or negative, is constant within a quadrupole; this perturbation allows the electron cloud to be peaked or hollow; and (iv) addition of an additional stretch along one axis and shrink along the other of the electron cloud envelope, by a factor that is (again) constant in a quadrupole but varying from quad to quad. We consider two types of axial variations: (a) random from quadrupole to quadrupole; and (b) sinusoidally varying from quadrupole to quadrupole (except that we have not done random perturbations of the elliptical distortion, i.e. type iv). In the case of the centroid variation, for the random cases we let the direction of displacement also be random; for sinusoidal cases, the centroid rotates (with fixed fractional displacement relative to the envelope) as one progresses from quadrupole to quadrupole. 
III. RESULTS
In our base case, the electron density in each quadrupole is constant within the beam envelope, and the constant density is the same from quadrupole to quadrupole. The magnets are tuned for a matched beam with no electrons. We show, in Fig. 2 , results (an x − y scatter plot, emittance of beam fractions, envelope, and beam current versus axial position z) for the base case with electron density n e 20% of the beam density n b . Considering the size of the electron density, there is surprisingly little beam degradation: a small growth in the emittance, but virtually no envelope growth or beam loss.
Figs. 3-5 show the results for various types of random perturbations. For all cases, the random component is equal in peak magnitude to the constant component; hence the electron density for the 20% mean case varies from zero to 40% of the beam (ion) density);
for axial displacements, the centroid varies from zero to the nominal envelope half width;
for radial shape variations, the maximum radial density variation is from zero to double the nominal electron density. These are, obviously, extreme variations. For all cases the shown x−y scatter plot represents a "typical bad slice" chosen from near the end of the simulation.
The choice of which plot to show is arbitrary; we pick a case with a relatively large, and in some sense interesting, halo. As is evident, the random amplitude case is the most effective in degrading the beam; a 20% mean electron density leads to a loss of 10% of the beam over the 100-quadrupole system. Examination of the set of plots in Fig. 3 indicates that the major incidents of beam loss are associated with periods where the beam envelope is especially large and in fact close to the wall, and also that the emittance grows at about the same z locations, but the growth is limited to the outermost class of ions.
Figs 4 and 5 indicate that random offsets and random beam shape variations are considerably less effective than random amplitude variations in degrading beam quality, especially for the outermost ions. One might have supposed that these sorts of perturbations would be particularly effective in coupling to centroid oscillations and breathing modes of the beam, but apparently this coupling is not particularly effective for random perturbations. As we see below, this is in marked contrast to the situation with a sinusoidally varying perturbation.
Next we turn to the sinusoidally varying cases. Fig. 6 shows the fraction of beam loss versus perturbation wavelength, normalized to the lattice period. This is for sinusoidally (versus quadrupole number) varying density, with a 5% mean electron density. We see that there is a sharp maximum, close to the nominal breathing mode resonance, corresponding to a beam loss of 28 %. We notice that the loss is comparable to the 20% mean randomly varying amplitude case. Fig. 7 shows the x − y scatter, emittance growth, envelope growth, and beam current at the peak of the resonance curve of Fig. 6 .
Figures 8 and 9 show the corresponding quantities for a radially varying electron cloud shape (still resonant with breathing modes). In this case the mean electron density is 10% of the ion beam density. Again there is a sharp maximum versus perturbation frequency.
We notice that the maximum beam loss for this case is smaller than that for amplitude variations (even at the larger mean electron density), but is still larger than any of the random variations studied.
Figures 10 and 11 show the corresponding quantities for when the electron cloud centroid is varied sinusoidally at frequencies in the vicinity of that for centroid oscillations. Again, the electron density in the cloud is 10%. Once again a resonance is found, with a peak beam current loss about half that for the radial shape variation resonance, and still larger than any of the random variations at comparable electron density.
Figures 12 and 13 show the corresponding quantities for factor of two variations in the ellipticity, again for electron density 10 % of the beam density. Here, the resonance is with quadrupolar distortion modes of the ion beam. Again there is a distinct resonance, but the effect on the ion beam, as measured by beam loss, is the weakest of the resonant interactions considered -only around 4%. On the other hand the effect on the emittance is significant, and it penetrates farther in from the edge of the beam; this is in marked contrast to all of the other perturbations.
We note that, for sinusoidal amplitude variations, there was no discernible resonance when the frequency was scanned through the range of the centroid and quadrupole resonances. This is in marked contrast to the observations of Figs 5 and 6. This is expected:
the transverse-plane symmetry of the amplitude variation implies that this perturbation cannot couple to centroid oscillations or quadrupole oscillations, but can effectively couple to breathing modes.
Finally, we examine the phase of the electron cloud and the ion beam distortions that it produces. We show in Figure 14 an overlay of plots of the beam envelope and the electron density for the sinusoidally varying case. We see that, through much of the early growth of the beam envelope, the two curves are in phase (the peaks coincide). Later, they drift out of phase, perhaps because the beam breathing mode changes frequency as beam current is lost.
IV. DISCUSSION
The results presented here indicate that electrons are most detrimental to ion beam quality when the amplitude varies from quadrupole to quadrupole, and a density variation that is resonant with beam breathing modes is considerably more effective than a random variation in producing beam loss and degradation of beam quality. For a 100 lattice-period system, a mean 5% electron population, with a 100% resonant modulation, can lead to loss give rise to an instability: if there is a resonant component to the electron cloud (a seed perturbation), then the beam envelope will tend to be biggest where the electron cloud is biggest, resulting in the biggest beam scrape-off there, and hence the biggest source of electrons. The electrons so produced are rather well confined axially by the magnetic field;
hence they will stay in the region where they are produced, adding to the initial perturbation.
The next slice of the beam to pass through will see an amplified electron perturbation, leading
to a yet larger localized loss. This mechanism can operate even if the ion beam is accelerated so that the spatial frequency is not constant in space: so long as there is a component of the electron density that matches the (spatially varying) beam envelope oscillations, that component will grow because of axial localization of the electrons. Effects that will limit growth include beam velocity "tilt" (the variation in mean axial velocity along the beam from head to tail), electron drift out of a quadrupole, and change of the resonant frequency due to beam loss. A similar instability mechanism could operate for the other resonant perturbations (shape variations, centroid oscillations, quadrupolar distortions), as well. We will report on an analytic model of this instability and a search for it in self-consistent electron-ion simulations, in the future.
It is evident from examination of the x − y scatter plots, even the few shown, that the nature of the beam degradation is more complex than is captured in the line plots of emittance, envelope, and beam current. In particular, we see from Fig 3a a beam whose core is nearly circular but which has a strongly elliptical (and in fact reaching the wall) halo.
The same beam, further along, has a core that is elliptical but has a nearly circular halo (Fig. 15) . The elliptical distortion of the main beam would suggest ion scrape-off only on field lines that are nearly tangent to the wall. However, from this latter plot we see that the halo resulting from the electron cloud can be much more symmetric, implying scrape-off on field lines that penetrate deep into the beam interior. This would lead to a relatively larger role for secondary electrons than one would otherwise infer. From the sequence of the two scatter plots, we infer that, not unexpectedly, the ions in the halo are experiencing different oscillation frequencies from those in the core. In Fig. 7a , a different phenomenon is occurring, leading to halo that is actually concentrated (at this instant) near the quadrupole field lines that penetrate deep into the plasma interior.
There are several overall conclusions to be drawn from this study: ( the beam current loss they produce is relatively modest, and (4) electron cloud impact on ion beam propagation is a rich and complex subject, and is not well characterized simply by the evolution of a few beam moments. For the study of oscillations of the envelope of a beam in a periodic lattice [? ? ], the relevant beam parameters are its perveance K and its emittance ε. The perveance, a dimensionless constant which can be interpreted as the ratio of potential energy W f due to the beam self-field to kinetic energy W k for a beam particle traveling on the edge, is given
where q and m are respectively the charge and mass of the beam particles, v z is the average axial beam velocity, I is the beam current and ε 0 is the permittivity of vacuum. The emittance is a measure of the phase space area of the beam. It can also be thought of as a measure of beam quality. In ideal accelerator lattices, it should be nearly constant.
In the smooth focusing approximation, the mean values of the beam envelope functions X(z) and Y (z) follow the equations
where k 0 is the wavenumber for a single particle oscillating in the lattice and is related to the lattice quadrupoles strength and geometry. k 0 is also the natural wavenumber of oscillations for the beam centroid.
For a matched beam, one can rewrite X and Y as a function of the mean radius R which is a constant
Assuming δ x (z) R and δ y (z) R, R obeys the equation
An analysis of Eqs. (??) and (??) shows that the oscillations of X(z) and Y (z) can always be decomposed in two fundamental modes whose wavenumbers are given by
The first mode k b , called the "breathing" mode, corresponds to the case where the oscillations in X and Y are in phase, while the second mode k q , called the "quadrupole" mode, corresponds to the case where those oscillations are 180 o out of phase. k can be interpreted as the wavenumber of single particle oscillations in the core of the beam in response to applied focusing and space-charge forces. The inequality 0 ≤ k/k 0 ≤ 1 provides a normalized measure of space-charge strength with k/k 0 = 1 corresponding to zero space-charge and k/k 0 = 0 to the space-charge limit.
If a uniform neutralized background is added, i.e. electrons, with neutralization fraction f = n e /n i , where n e and n i are respectively the electron and ion densities, then the perveance of the beam is reduced by the factor (1 − f ) and Eqs. (??), (??) and (??) become respectively
with
where S is the lattice period. Note that the electron density has been treated as an external perturbation.
In our case, we have K ∼ 1.1565 × 10 In all cases, the observed wavenumbers were significantly above the one computed for no electron density, as predicted. The observed values are remarkably close to the predictions in the case of amplitude modulation, which might be partially coincidental since the theory was in the smooth limit while the simulation involves beams departing significantly from this , 32-33, 193 (1996) 
